Chronic lymphocytic leukemia: the most common leukemia in Western countries
===========================================================================

Chronic lymphocytic leukemia (CLL) is characterized by the presence of small, monomorphic, round to slightly irregular B lymphocytes in the peripheral blood, bone marrow, lymph nodes, liver, and spleen. Nonleukemic disease presenting with the tissue morphology and immunophenotype of CLL are termed small lymphocytic lymphoma (SLL).[@b1-tacg-5-021] The disease is more common in males. Patients are often asymptomatic at the time of diagnosis but the continuing accumulation of CLL lymphocytes leads to development of symptoms, disease-related complications, and a need for therapy. CLL causes approximately 4,500 deaths per year in the United States alone.[@b2-tacg-5-021],[@b3-tacg-5-021]

There are approximately 15,000 new cases of CLL reported annually in the United States[@b3-tacg-5-021] and CLL is generally the most common leukemia of the adult population in Western countries with an incidence of two to six cases per 100,000 persons/year. Incidence appears to be correlated with age, with more than ten cases per 100,000 in those aged over 65 years. Moreover, approximately 6% of elderly individuals present with a clonal B-cell population that immunophenotypically and cytogenetically resembles CLL.[@b4-tacg-5-021] This latter condition is called monoclonal B-cell lymphocytosis (MBL). MBL is known to progress to CLL in approximately 2% of cases, and CLL may generally be preceded by MBL. Thus, MBL may sometimes be more appropriately considered to be early or low stage CLL, and in the past patients have been diagnosed as having CLL when they would only fulfill the diagnostic criteria for MBL. There is not only a progression from MBL to CLL, but CLL is also able to undergo further clinicopathologic transformation to become an aggressive lymphoma with a predominance of diffuse large B-cell lymphomas. This transformation is referred to as Richter syndrome.

Although the f irst description of CLL dates back 150 years there is still little known about the etiology of the disease. Pathogenetically, the immunophenotype of the resting B cells characterizing CLL (CD5, CD23, CD27, and low level of surface immunoglobulin \[Ig\]) is different from that of normal B cells. CLL cells either have somatically mutated or unmutated IgV genes, suggesting that the corresponding tumor precursor cells originated from an antigen-dependent or -independent developmental stage, respectively.[@b4-tacg-5-021]

Cytogenetic findings: methods, and pathogenetic and clinical implications
=========================================================================

Generally, there is little doubt that CLL is a monoclonal disease which makes it similar to most other benign or malignant tumors. This is supported by the results of cytogenetic studies. Techniques that appear to be for specific in vitro stimulation of the tumor cells in CLL by an immunostimulatory CpG oligonucleotide plus interleukin 2[@b5-tacg-5-021] represent a major step forward in understanding the pathogenesis of the disease. By applying these techniques, metaphases can be obtained in the vast majority of cases. Clonal chromosome abnormalities have been detected in more than 80% of the cases studied through the use of classical cytogenetics.[@b6-tacg-5-021] The percentage of cases with at least one abnormalitiy increases when fluorescence in situ hybridization (FISH) is applied using appropriate probes to detect the most frequent abnormalities in addition to classical cytogenetics, mainly due to the detection of deletions under the detection limit made possible through the analysis of chromosomal bands.[@b3-tacg-5-021] There is no doubt that most cytogenetic changes seen in CLL are causally related to the disease and its progression, and cytogenetic analyses in CLL have generally turned out to be good for providing prognoses and predictions. Analyses are usually carried out by classical as well as molecular cytogenetic methods. There has been debate as to whether FISH can replace classical cytogenetics in the genetic analysis of CLL, but the larger spectrum of aberrations that can be detected through classical cytogenetics seems to make this indispensable at present.[@b6-tacg-5-021]

In contrast to most other leukemias and lymphomas, typical recurrent chromosomal translocations are very rare in CLL, if they exist at all. Translocations involving chromosomal band 14q32 including the t(11;14)(q13;q32) ([Figure 1](#f1-tacg-5-021){ref-type="fig"}) typically seen in Mantle cell lymphoma (MCL) have repeatedly have been reported, but distinguishing MCL from CLL can be complicated due to overlapping morphologic features and similar clinical manifestations.[@b7-tacg-5-021] Hence, it may be speculated that these cases would be diagnosed as MCL if strict diagnostic criteria were followed.

However, the identification of four main cytogenetic changes of in CLL was possible due to several recurrent and common gains and losses of chromosomal material: these are trisomy 12 (16%), and deletions of chromosomal regions 13q14 (55%), 11q (18%), and 17p (7%).[@b4-tacg-5-021] Chromosomal deviations can occur either as the sole chromosome abnormality or coexist with other changes of the number or structure of the chromosomes, which leads to more complex changes of the karyotype. This also holds true for the most frequent cytogenetic abnormalities, which allows the independent subgroups to be distinguished. It is noted that these abnormalities are not mutually exclusive and so can occur together ([Figure 2](#f2-tacg-5-021){ref-type="fig"}).

Deletions of the long arm of chromosome 13 involving 13q14: microRNAs impairing apoptosis?
==========================================================================================

The most frequent chromosomal abnormalities observed in CLL are deletions of the long arm of chromosome 13 involving 13q14, which occurs in more than half of all CLL cases.[@b8-tacg-5-021]--[@b10-tacg-5-021] The size of the deletion varies from those comprising almost the entire long arm of the chromosome to those detectable only by FISH ([Figure 3A--D](#f3-tacg-5-021){ref-type="fig"}). Most of these deletions are monoallelic, but some are biallelic. In a study by Hernández et al,[@b11-tacg-5-021] roughly 20% of the deletions that were detected as the sole abnormality at the time of first diagnosis were found to be biallelic. This deletion is found at the same frequency in MBL.[@b12-tacg-5-021] The 13q14 deletion is not confined to CLL, as deletions of the same minimal deleted region (MDR) appear to also occur in subsets of multiple myelomas and mature T-cell lymphomas. Moreover, deletions comprising band 13q14 have been found in several benign and malignant solid tumors as lipomas and thyroid adenomas.[@b13-tacg-5-021]--[@b18-tacg-5-021] In CLL the minimal deleted region contains sequences encoding two apparently sterile transcripts: *DLEU2* (deleted in leukemia-2) and *DLEU1.*[@b19-tacg-5-021],[@b20-tacg-5-021] Intron 4 of *DLEU2* encodes two microRNAs, *miR-15a* and *miR-16-1*, which are processed from its primary transcripts, and so share *DLEU2*'s transcriptional regulation and seem to interact with pathways governing apoptosis.[@b21-tacg-5-021] Downregulation of *DLEU2* and *miR-15a/16-1* expression compared to normal B cells has been described for CLL without 13q14 deletions as well,[@b22-tacg-5-021] suggesting an epigenetic mechanism is suppressing the *DLEU2*/*miR-15a/16-1* cluster in cases lacking 13q14 deletion.[@b23-tacg-5-021] miRNAs *miR-15a/16-1* may have a pathogenetic function, and both seem to be involved in keeping the balance between proliferation and apoptosis. Nevertheless, their action as a posttranscriptional repressor of the *BCL2* (B-cell lymphoma 2) expression is still a matter of an debate.[@b24-tacg-5-021]--[@b26-tacg-5-021]

Deletions of chromosome 13 are associated with quite a favorable prognosis with no detectable impact if these occur as the sole genetic abnormality and if they are mono- or biallelic.[@b11-tacg-5-021],[@b27-tacg-5-021] It is interesting to note that the absence of del(13) (q14) seems to protect against the transformation of CLL into diffuse large B-cell lymphoma, as the absence of del(13)(q14) characterizes patient subgroups at high risk of developing Richter syndrome.[@b28-tacg-5-021] Some recent reports suggest that the size of the deletions influences prognosis. In particular, codeletion of the retinoblastoma gene (*RB1*) locus seems to be relevant.[@b29-tacg-5-021]

Trisomy 12: gene dosage effects and several oncogenes
=====================================================

Deletions of chromosome 13 trisomy 12 ([Figure 4](#f4-tacg-5-021){ref-type="fig"}) appear to be similar to frequent karyotypic alterations in CLL that are not confined to this type of tumor, such as a cytogenetic subgroup of uterine leiomyomas characterized by trisomy 12 as the sole karyotypic abnormality.[@b30-tacg-5-021] The molecular mechanisms by which trisomy 12 supports tumorigenic transformation in CLL are unknown. However, it is assumed that trisomy 12 may cause an elevated gene dosage of a candidate proto-oncogene. Several genes with oncogenic potential have been assigned to chromosome 12, such as *HMGA2* (high-mobility group AT-hook 2)[@b31-tacg-5-021] which encodes a so-called architectural transcription factor implicated in mechanisms of benign and malignant tumorigenesis. Further examples are *MDM2* (murine double minute 2), which is known to be amplified in some malignant solid tumors encoding a major repressor of p53, and *GLI1* (glioma-associated oncogene homologue 1). Overall, the prognosis of CLL with trisomy as the only aberration is less favorable than that of CLL with deletions of the long arm of chromosome 13, but better than that of cases with either deletions of chromosome 11 or 17.

Deletions of the long arm of chromosome 11 involving 11q22-q23: ATM deficiency destabilizing the tumor genome
=============================================================================================================

Deletions of chromosomal region 11q22-q23 ([Figure 5A](#f5-tacg-5-021){ref-type="fig"}) can be detected in almost 20% of cases, which makes them the second most frequent karyotypic change in CLL. These deletions often lead to a hemizygous loss of the ataxia telangiectasia (ATM) gene.[@b32-tacg-5-021] Mechanistically, ATM is able to signal DNA damage and to mediate p53 activation which, as a major player assuring genome stability, can ultimately trigger apoptosis or oncogene-induced senescence if the damage is not repaired. Therefore, damaged cells are not adequately removed and ATM deficiency causes genomic instability.

Deletions of the short arm of chromosome 17 involving 17p13: another p53 story
==============================================================================

It appears that the same pathways are disturbed in CLL with deletions of chromosomal band 17p13 ([Figure 5B](#f5-tacg-5-021){ref-type="fig"}), which is seen in about 5% of cases. These deletions always cause a loss of the TP53 tumor suppressor gene. Interestingly, in the majority of cases with cytogenetically visible monoallelic deletion, mutations have been detected in the remaining *TP53* allele as well.[@b32-tacg-5-021] In rare cases, biallelic mutations of *TP53* have been found without 17p deletions, leading to clinical, pathological, and prognostic features identical to 17p deletions. However, these genetic aberrations carry the same devastating prognostic and predictive impact as 17p deletions.[@b33-tacg-5-021] Additional techniques such as sequencing are now being applied to analyze mutations affecting *TP53* that escape detection by classical cytogenetics.

Rare, but recurrent cytogenetic abnormalities in CLL
====================================================

Other recurrent but rare karyotypic abnormalities in CLL are deletion of the long arm of chromosome 6 ([Figure 5C](#f5-tacg-5-021){ref-type="fig"}), translocations involving 14q32 chromosome 3, and trisomies of the long arm of chromosome 8.[@b34-tacg-5-021]--[@b40-tacg-5-021] The uncovering of complex karyotype aberrations in CLL is sometimes impossible without the application of molecular cytogenetic methods ([Figure 6](#f6-tacg-5-021){ref-type="fig"}). Complex aberrant karyotypes (defined as the existence of three or more clonal abnormalities identified by chromosomal band analysis changes) have generally been described to characterize an adverse prognostic group of CLL.[@b41-tacg-5-021] Only a few cases of Richter's cytogenetic transformation of CLL have been studied in detail.[@b42-tacg-5-021]

Prognostic and predictive implications of chromosomal abnormalities and miRNA deregulation in CLL
=================================================================================================

Numerous studies have provided clear evidence that chromosomal alterations in CLL have an impact on the patient's prognosis. Nevertheless, the significance of predictive markers may change with emerging new therapies, and it will not be easy to clearly distinguish between the prognostic and predictive significance of changes. Those alterations that are detectable at the level of classical cytogenetics (ie, the analyses of chromosomal bands, or by FISH with commonly used DNA probes) and deletions of the *Tp53* locus are highly relevant indicators of poor prognosis.

Recent studies indicate that the impact of these deletions and equivalent mutations in *TP53* not only has prognostic impacts but also affects the response to therapy. Standard CLL-therapy is currently based on the use of fludarabine, but this treatment is generally ineffective in patients showing impairment of p53.[@b43-tacg-5-021] However, not all restrictions of p53 functions are detectable through the application of these techniques, and thus sequencing and functional assays are also used to identify genetic subgroups of CLL. For example, in vitro exposure to etoposide plus nutlin-3a allows the detection and identification of ATM and *TP53* mutations.[@b44-tacg-5-021] Deletions of the ATM locus that are usually detectable by means of classical cytogenetics are generally associated with a poor prognosis as well, but recent studies suggest that chemoimmunotherapy may overcome the prognostic impact of 11q deletion and point to 11q deletion as a potential predictive factor for increased benefit by fludarabine-- cyclophosphamide--rituximab (FCR) treatment.[@b45-tacg-5-021],[@b46-tacg-5-021]

Trisomy 12 as the sole cytogenetic deviation is associated with a intermediate prognostic impact (median survival = 114 months)[@b47-tacg-5-021] but recent studies suggest that CLL patients with trisomy 12 and *NOTCH1* (Notch homolog 1) mutations have a prognostic course worse than that with trisomy 12 alone. *NOTCH1* mutations contribute to a significantly worse survival in trisomy 12 CLL patients compared to that of trisomy 12 alone.[@b48-tacg-5-021]

CLL with 13q deletion as the sole cytogenetic abnormality usually has a good prognosis. However, it has become obvious from recent data that both the percentage of deleted nuclei and presence of larger deletions involving the *RB1* locus can help to further refine the prognosis of del 13q-only cases. In particular, CLL carrying \<70% of 13q deleted nuclei with deletions not including the *RB1* locus were characterized by particularly long time-to-treatment. On the other hand, 13q deletions seen in \<70% of nuclei but involving the *RB1* locus, or 13q deletion in ≥70% of nuclei with or without *RB1* deletions, are apparently associated with a shorter time-to-treatment.[@b49-tacg-5-021]

The expression of microRNAs is a rapidly emerging field in cancer diagnosis and monitoring. In CLL, the expression of miR-150, miR-223, and miR-29b/c correlates with mutated IgHV (immunoglobulin heavy variable) and a favorable clinical course. Similarly, low expression of miR-223 and miR-29c was found to correlate with unmutated IgHV, ZAP-70 (zeta-chain-associated protein kinase 70) expression, and disease progression.[@b47-tacg-5-021] However, while miRNA expression patterns present a possible diagnostic and predictive tool, more data will be required before they can be integrated into daily clinical diagnostic practice.

Future directions in genetic analyses of CLL
============================================

The type and frequency of aberrations among the tumor cell population are major characteristics of CLL, so genetic analyses offer valuable tools for a prognostic and predictive stratification of patient groups. Currently, a combination of classical G-band analysis and FISH seems to be the best method of collecting relevant data. Despite its much higher resolution, FISH on interphase nuclei using a panel of probes covering the most frequent genomic inbalances seen in CLL still cannot replace classical cytogenetics, which is superior in detecting complex karyotypic alterations that are of prognostic impact. As adjuncts, the application of molecular cytogenetic methods for the interpretation of complex karyotypes ([Figure 6B](#f6-tacg-5-021){ref-type="fig"}) has considerable significance for selected cases following classical cytogenetics and interphase FISH. Array-based comparative genomic hybridization will become another important tool for the analysis of selected cases of CLL.[@b50-tacg-5-021]--[@b52-tacg-5-021] Perhaps even more important is the combination of genetic analysis with functional or gene expression studies. As an example of this type of study, Decker et al were able to demonstrate that smoothened-inhibitor responsiveness correlated with elevated *GLI1* and *PTCH1* (protein Patched homolog 1) transcript levels and the presence of trisomy 12, while no other karyotype correlated with responsiveness.[@b53-tacg-5-021]
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![The translocation t(11;14)(q13;q32) is a nonrandom chromosomal rearrangement in Mantle cell lymphoma.](tacg-5-021f1){#f1-tacg-5-021}

![The frequent karyotype abnormalities in CLL are not mutually exclusive. Representative G-banded karyotype of a CLL showing deletions of the long arm of chromosome 11 as well as of chromosome 13: 46,XX,del(11)(q21),del(13)(q14).\
**Abbreviation:** CCL, chronic lymphocytic leukemia.](tacg-5-021f2){#f2-tacg-5-021}

![Deletions of chromosome 13 are the most frequent karyotype alterations in CLL. (**A**, left to right): Ideogram of chromosome 13, example of an interstitial deletion of the long arm of chromosome 13 in CLL, and example of a terminal deletion of chromosome 13 in CLL. (**B**) Part of a metaphase with monoallelic deletion of chromosome 13 as detected by FISH, the orange (spectrum: orange)-labeled probe detects the minimal deleted region, the green (spectrum: green)-labeled probe detects a terminal DNA segment of the long arm of chromosome 13 to facilitate its identification. Chromosomes are counterstained by DAPI. (**C**) Part of a metaphase with diallelic deletion of chromosome 13 as detected by FISH. For probes and counterstaining see (**B**). (**D**, left to right): nucleus of a normal cell without 13q-deletion and nucleus of a cell with biallelic deletion. For probes and counterstaining see (**B**).\
**Abbreviations:** CCL, chronic lymphocytic leukemia; DAPI, 4′6-diamidino-2-phenylindole; FISH, fluorescent in situ hybridization.](tacg-5-021f3){#f3-tacg-5-021}

![Trisomy 12 is the second most frequent karyotypic abnormality seen in CLL. Representative G-banded karyotype of a CLL with trisomy 12 as the sole karyotypic deviation. Karyotype: 47,XY,+12.\
**Abbreviation:** CCL, chronic lymphocytic leukemia.](tacg-5-021f4){#f4-tacg-5-021}

![Partial karyotypes showing recurrent chromosomal deletions in CLL. (**A**) Chromosomal pair 11 from a CLL showing a del(11)(q22). (**B**) Chromosomal pair 17 from a CLL showing a del(17)(p12). (**C**) Chromosomal pair 6 from a CLL showing a del(6)(q13q22).\
**Abbreviation:** CCL, chronic lymphocytic leukemia.](tacg-5-021f5){#f5-tacg-5-021}

![Complex aberrant karyotypes in CLL are associated with an adverse prognosis. Example of a CLL with a complex karyotypic rearrangement involving chromosomes 3, 4, 13, 14, 15, and 16. Karyotype: 47,XY,der(3)t(3;15)(q21;q22),t(4;16)(q31;q24),+12,del(13)(q14),der(14)t(3;14)(q21;q24),der(15)t(13;15)(q14;q22). (**A**) Representative G-banded karyotype. (**B**) SKY-FISH analysis.\
**Abbreviations:** CCL, chronic lymphocytic leukemia; SKY-FISH, spectral karyotyping and fluorescent in situ hybridization.](tacg-5-021f6){#f6-tacg-5-021}
